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Abstract

The effects of E-block arm thickness on the airflow downstream of the E-block
armin a modeled hard disk drive were investigated. The primary objective of this work
was to shed some light on head vibration results that were presented in an earlier study.
Four different E-block arm thicknesses were used, ranging from 1.0 mmto 1.6 mmiin
steps of 0.2 mm. Airflow speed was measured in the region downstream of the arm tip
using a constant-temperature hot-wire anemometer at the inner diameter radial position.
The flow measurements were used to compute the mean and root mean square (rms) flow
speed, the turbulence intensity, and the mean and rms dynamic pressure head
distributionsin the measurement region. The rms flow and dynamic pressure fluctuations
were decomposed into components over several frequency bands. A correlation was
observed between the dynamic pressure fluctuation components, and the corresponding
components of the head off-track vibration. Clearly identifiable vortex shedding peaks

wer e observed in the flow fluctuation power spectra.
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1. Introduction

The hard disk drive (HDD) industry is continually faced with demands for higher
areal recording densities, faster data transfer rates, and higher reliability. The demand for
a higher recording density trandates directly into a demand for increasing the track
density and/or the linear bit density, which, in turn, requires sgueezing the track
misregistration (TMR) and flying height modulation (FHM) into tighter budgets. On the
other hand, the demand for higher data transfer rates and reduced latency dictates using
faster disk rotation speeds. Such high disk speeds lead to greater flow velocities, and

consequently to higher levels of aerodynamic forcesin the drive.

In addition to controlling the temperature distribution and the concentration and
transfer of particulates within the drive, the fow field in the drive and any large scale
fluid structures it may contain congtitute a significant disturbance to the read/write head
motion, as they excite the structural modes of the head stack assembly (HSA) and of the
disks, inducing TMR and FHM. As aresult, it is of paramount importance to understand
the nature and characteristics of the airflow in disk drives, as well as its impact on

structural vibrations, if the performance of future drive generationsis to be improved.

Investigations of the flow in disk drives have been carried out in configurations of
varying degrees of geometric complexity. The fully-enshrouded assembly of co-rotating
disks, with no obstructions inserted between the disks, is one of the simplest

configurations considered, and was studied by severa researchers including Lennemann



[1], Abrahamson et al. [2], Schuler et al. [3], Tzeng and Humphrey [4], and Humphrey et
a [5]. Lennemann [1] used aluminum flake flow visualization in a water flow model and
observed a laminar central core of fluid with a highly turbulent outer region. The core had
a lobed or polygonal shape, extended from the hub to the periphery of the disks, and
rotated at about 80 percent of the disk rotation speed. Abrahamson et al. [2] used a dye
injection flow visualization technique in a water flow model and refined Lennemann’'s
conclusions. They characterized the flow structure as consisting of three distinct regions.
The first was an inner region dominated by rotation effects. This region moved in rigid
body rotation, exhibiting little or no motion relative to the disks, and was observed to
extend from the hub to approximately 75% of the disk radius. The second region was a
shroud boundary layer region, which was dominated by viscous effects due to the no-slip
condition at the shroud wall. This region was observed to extend inward from the shroud
to approximately 90 percent of the disk diameter. The third region was an outer region,
which occupied the space between the inner region and the shroud boundary layer region.
It experienced a mixture of rotational and viscous effects, which resulted in the formation
of large, periodic, axialy-aligned vortical structures that rotated counter to disk rotation.
These vortices were polygonal in shape and nearly uniform in sze, spanning the radial
extent of the outer region. The inner and outer regions were both predominantly two-
dimensional, whereas the shroud boundary layer region exhibited significant mean three-

dimensional motion.

Schuler et al. [3] and Tzeng and Humphrey [4] experimentaly investigated the

airflow in the unobstructed space between a pair of disks using laser Doppler



anemometry (LDA). Their flow measurements along radia lines showed the flow to be
divided into two main regions. an inner region in rigid body rotation whose mean flow
speed was approximately equal to the local disk surface speed; and an outer region whose
mean flow speed relative to the disk surface speed decreased linearly between the inner
region and the disk edge. Their flow measurements along lines parallel to the spin axis

revealed that the mean flow speed was fairly uniform aong this direction.

Humphrey et al. [5] carried out numerical smulations to investigate the unsteady
motion of the flow in the unobstructed space between a pair of fully-shrouded co-rotating
disks. They performed two-dimensiona (axisymmetric) and three-dimensional
caculations in a configuration corresponding to the experimental setup employed by
Schuler et al. [3]. Their two-dimensional simulations predicted tat for Re < 22,200, the
flow exhibited a pair of counter-rotating toroidal vortices in the cross-stream plane®. For
Re > 22,200, the flow was unsteady periodic, and the symmetry of the motion of the flow
about the mid-plane was broken by aternating periodic crossings of the toroidal vortices.
Three-dimensional numerical simulations at Re = 22,200 and 44,400 further revealed that
the toroidal vortices acquire a time-varying sinuous shape in the circumferential

direction, and that the rigid-body rotation region contained very weak secondary motions.

The flow field between co-rotating disks is dramatically altered by the insertion of
an am between the disks to smulate the E-block arms of the HSA. The effects of
radially-oriented obstructions between co-rotating disks was studied by severa

researchers including Lennemann [1], Tzeng and Humphrey [4], Usty et al. [6], Gor et al.

! The Reynolds number in [5] was based on the disk radius and the tip speed of the disks.



[7], Abrahamson et al. [8], and Suzuki and Humphrey [9]. Tzeng and Humphrey [4] and
Usy et al. [8] used LDA to investigate the effects of relatively thin obstructions, with an
obstruction thickness, t, to disk-to-disk spacing, H, ratios of t/H = 0.25 and t/H = 0.21,
and blockage factors® b in the range of 7% £ b £ 16%. They presented radial and axial
mean and rms circumferential velocity profiles of the flow between the disks in the
presence of the obstruction. Gor et al. [7] used LDA to investigate thicker arms, with b =
23% and b = 46%. Abrahamson et al. [8] used a dye-injection flow visualization
technique to investigate the effects of a relatively large obstruction, with t/H = 0.57, and
b = 60%. Suzuki and Humphrey [9] used numerical smulations to investigate the effects
of relatively large obstructions, with t/H = 0.67, and b = 31% or b = 62%. The
simulations were carried out for a single obstruction, as well as for two obstructions

simultaneously present in the space between the disks.

Recent disk drives employ a rotary HSA configuration where the diders are in-
line with the suspensions and arms, and the HSA follows a circular arc to position the
head on the disk surface. Flow visualizations for the in-line rotary configuration drive
were carried out by Girard et al. [10], who observed vortex shedding around the E-block
arm tip, which originated from the flow along the leading edge and the trailing edge of

the arm.

2 The blockage factor for aradially-inserted obstruction was defined asb = [tL]/[H(a+R-R,)], whereL is
the length of the obstruction, a isthe spacing between the disk tip and the shroud, Risthe disk radius, and
R; isthe hub radius.



Early research on the effects of airflow in hard disk drives on suspension
vibration was carried out by Yamaguchi et al. [11], where it was demonstrated that the
amplitude of suspension vibration was proportional to the sguare of the approaching
velocity. In subsequent research by Yamaguchi et al. [12, 13], the flow around a
suspension was measured using hot-wire anemometry to identify the sources of
suspension vibration, and numerica simulations of the flow were performed. It was
shown in [12, 13] that suspension vibration was caused by the turbulence behind the
suspension, and that employing an aerofoil shape for the suspension cross-section can

reduce suspension vibration.

Gross et al. [14] investigated the effects of E-block arm thickness on head
vibration in the off-track direction in a modeled HDD. Four E-block arms of thicknesses
1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm were tested at three radial positions. the inner
diameter (ID), the middle diameter (MD), and the outer diameter (OD). The rms
amplitudes of the off-track vibration were evaluated over the 0-20 kHz range, and were
broken down into components over the 0-2 kHz and 2-20 kHz frequency bands in order to
assess the contributions of the structural resonances to the overall head off-track
vibration. The 2-20 kHz component was further divided into subcomponents over three
frequency bands in order to evauate the contributions of the E-block arm dynamics and
the of the suspension dynamics to the overal vibration. The measured off-track rms
amplitudes were dependent on the Eblock arm thickness, and, for al radia positions,
increased as the arm thickness was increased. This trend was a so observed in the 0-2 kHz

component amplitudes. The 2-20 kHz component amplitudes, however, did not follow



this trend. The 1.2 mm arm resulted in the highest value for this component, and the 1.6
mm arm resulted in the lowest. The trend assumed by the 2-20 kHz component was
strongly shaped by the component of off-track vibration resulting from the Eblock arm

dynamics.

In a subsequent study, Gross et a. [15] investigated the effects of E-block arm
thickness on the airflow past the HSA in the same modeled drive tested in [14], primarily
with the objective of shedding some light on the head vibration results presented in [14],
especialy the unexpected trend observed in the 2-20 kHz component. Airflow
measurements were taken using a constant temperature hot-wire anemometer, with and
without the head gimbal assemblies (HGA's) attached to the arms, at the ID, the MD, and
the OD positions. A correlation was observed at the ID position between the trend
followed by the rms flow fluctuations in the region downstream of the E-block arms and
that followed by the 2-20 kHz component of the vibration rms amplitudes presented in

[14].

In this study, the effects of E-block arm thickness on airflow were investigated in
the same modeled drive that was tested by Gross et al. in [14] and [15]. The same E
block arms, of thicknesses 1.0 mm, 1.2 mm, 14 mm, and 1.6 mm, were used. Airflow
measurements were taken in the region downstream of the E-block arm using a constant-
temperature hot-wire anemometer at the ID position. These flow measurements were
conducted primarily with the goal of shedding some light on the head vibration results

presented in [14], especialy the unexpected trend observed in the 2-20 kHz component.



The specific objectives of this study were to form a better understanding of the local flow
structure in the region downstream of the HSA, to observe the effects of Eblock arm
thickness on the flow characteristics in this region, and to gain insight into how the flow
affects head vibration. In addition, the measurements obtained in this investigation may
be taken as an experimenta reference for the testing, development, and validation of

numerical simulation procedures that aim at predicting the flow in HDD's.

2. Experimental Setup

2.1. Modeled Hard Disk Drive

The modeled drive that was used by Gross et al. [14, 15] was used for this study.
The setup (see Fig. 1) was described in detail in [14]. Photographs of the HSA and the
HGA used are presented in Figs. 2 and 3, respectively. The drive was operated at 10,000
rpm (w = 1,047.2 rad/s), the disk radius R was 42 mm, the disk thickness 1.0 mm, and the
disk spacing 2.0 mm. The four E-block arms tested® were of thicknesses 1.0 mm, 1.2 mm,
1.4 mmand 1.6 mm. These arms will henceforth be referred to as t10, t12, t14 and t16,
respectively. The arm tip thickness at the swage area was 0.95 mm for all arms. Figure 4
is a schematic of the setup that highlights the most relevant dimensions. The blockage

factors® associated with the four E-block arms at the ID position are listed in Table 1.

% The E-block arms are the same ones used in [14] and [15].
* These blockage factors were based on the projected area of the arm leading edge on aradial plane.



2.2. Hot-Wire Anemometry

A customized congtant-temperature hot-wire anemometer (TSI model 1276CF-
10A) was used for measuring the flow field. The probe was the single sensor, capable of
measuring flow speed amplitude, without providing any information about flow direction
(Fig. 5). The body length of the anemometer probe was extended so that it could be
inserted between the two disks. The probe diameter was 0.9 mm, the sensor diameter 4
nm, and the sensor length 0.2 mm, which was 10% of the disk-to-disk separation. The
sensing wire was attached to the probe by two prongs that extended out 4 mm from the
end of the probe. The sensor was oriented with its axis paralel to the spin axis, and was
centered between the two disks. It was therefore most sensitive to the in-plane flow
velocity component at the mid-plane between the disks. The hot-wire probe body was
nearly aligned with the expected mean flow direction to avoid vortex wrapping on the
probe that would result in spurious contributions to the measurement. The output of the
hot-wire anemometer was fed to an HP3563A signal analyzer. Software was written to
perform the data acquisition and its initial processing. At each measurement point, the
hot-wire anemometer output was averaged in the time domain to obtain the mean flow
speed, 0. During this part of the measurement, the data rate was set low enough
(frequency span of 1 kHz, data record length of 800 ms, 133 disk revolutions) to ensure
that an accurate long-term mean flow speed was obtained. The dc component of the
anemometer output was then removed and the data rate increased (frequency span of 20

kHz, data record length of 40 ms, 7 disk revolutions), and the output was averaged in the

frequency domain to obtain an averaged power spectrum of the flow fluctuation, Gua f).



The fluctuation power spectra were used to calculate the rms flow fluctuation, u;ns, and

its components according to Eqg. (2).

The hot-wire anemometer was calibrated using a precision net flow apparatus
prior to the measurements and its calibration curve was determined using least squares
regression. A calibration reference measurement of the mean flow speed was taken
immediately after calibration in the unobstructed flow between the disks. For each
subsequent measurement set a reference measurement was taken at the same location as
that of the calibration reference, so that a correction factor could be computed for the

measurement set to account for ambient temperature variations.

All the measurements taken in this study were carried out at the 1D position. For
each arm the flow speed was measured in the region downstream of the arm tip, with no
HGA's attached. The measurement region, shown to scale with the E-block arm in Fig. 6,
was covered by scanning eight lines perpendicular to the arm trailing edge. These lines
were located at distances x = 2, 3, 4, 5, 6, 8, 10, and 12 mm away from the arm tip. The
number and density of the measurement points aong each line were determined during
the measurement for each arm by starting with a course point-to-point step of 1.0 mm,
and then refining the step size with additional points to capture any steep gradients and
local extrema of the mean flow speed and the rms fluctuation profiles along the line.
Steps as small as 0.05 mm between points were sometimes necessary to capture all the
desired details of the profiles. At each measurement point, the flow was allowed to settle

for aminimum of 1,000 disk revolutions before recording the data.



A second computer program was prepared to further process the mean and
fluctuation power spectra outputs of the anemometer for each measurement. The mean
flow speed G and the rms flow fluctuation u,,s and its components over severa frequency

bands were obtained using the anemometer calibration curve. The turbulence intensity TI,
the mean dynamic head h, and the rms dynamic head fluctuation h. and its components
were also computed. The discrete values of U, U, TI, h, hum and the components of

Ums and hy @ the measurement points were then interpolated in the x and y directions to

generate continuous distributions of these quantities over the entire measurement region.

2.3. Data Analysis
The flow speed, u, in turbulent flow analysis is commonly expressed as the sum
of the mean and fluctuating components of the speed, 0 and u', respectively

u=a+u'. D

The rms flow fluctuation, u,,., can be computed from the spectrum anayzer
output of the power spectrum Gu& f) of the flow fluctuation, where f denotes frequency,

according to®

Ums = (a8 Gy f). (2

|
where a is a scale factor for the windowing function used in calculating the power

gpectra. A Hanning window was employed in this study, for which a = 2/3.

® Eq. (2) is based on Parseval’ s theorem, which states that for an aperiodic function x(t) whose Fourier
transform is X(w),

& Xt =2p &y X (W) dw

10



The rms flow fluctuation is usually expressed as a percentage of the local nean
flow speed. This percentage is known as the turbulence intensity, Tl, of the flow, and it

was computed at each measurement point according to

7| = tms 3)
u

The drag force, D, on abody can be expressed as

D = ¢CpadA, (4)
A

where Cp, A and g denote the sectiona drag coefficient, the projection of the area of the
body onto the flow direction, and the dynamic pressure, respectively. The dynamic
pressure, g, is given by

ru2, (5)

N[

q:

wherer denotes air density and u denotes flow speed.

Substituting Eg. (1) into Eqg. (5), we may express g as

r @+u©2
r gj)z + 2uub+ (uﬁ)zg

q =
(6)

Nl N

Similar to velocity, dynamic pressure can be expressed in terms of its mean and

fluctuating components, a and ', respectively, as

q=q+q¢ (7)

11



It follows from Egs. (5) through (7) that

a=3r fuf + (g (8)
and
o= Lr B0 (g - Wg. 9)

If O is much greater than |, a will be dominated by the first term in the brackets

of EQ. (8), and g will be dominated by the first term in the brackets of Eq. (9), and they

may be expressed approximately as

— —\2

q »% r (u) , (10)
and

qé» r wud. (11)

The rms dynamic pressure fluctuation g,,s can now be written as

Orms > I aurms- (12)

Consequently, the mean drag force D and the rms drag force D, Can be approximated

as
D»l (‘)CDI‘(G)ZdA, (13)
2
A
and
Dy » 0Cp I WymsdA. (14)
A

12



It is clear from Egs. (8) and (9) that a higher rms flow fluctuation trandates

directly into a higher average drag force D,anda higher rms drag force fluctuation Dy .
Eqg. (14) also highlights the relevance of the quantity Uuyys, SINCe Dy 1S @pproximately
proportiona to Ouye Kim et al. [16] showed, through experimental investigation, a

correlation between HGA vibration and Ouy .

The quantities h and h,, defined by,

h :%ga)z + (Urms)zg» % (a)z (15)

2

and
hrms » W (16)
will henceforth be loosely referred to as the mean dynamic head and the rms dynamic

head fluctuations®, respectively.

The disk surface speed V4 isgiven by
Vg=wr, (17)

where wisthe disk angular speed.

® Strictly speaking, these quantities should be divided by the gravitational constant g = 9.81 /s’ to yield
the mean and rms dynamic head.

13



3. Experimental Results and Discussion

3.1. A Note on the Usefulness of the Airflow Results

Before proceeding with a presentation and discussion of the results, a note should
be made about the extent of usefulness of the results. Figure 7(a) is a schematic that
illustrates key axial dimensions’ in the space between the two disks. The arm thickness
shown is 1.2 mm, and is the only dimension that varies for the different arms. It was
noted earlier that the length of the sensing wire was 0.2 mm, which was 10% of the disk-
to-disk spacing, 21% of the arm tip thickness, and 13%, 14%, 17%, and 20% of the
thicknesses of t16, t14, t12, and t10, respectively. Consequently, the mean and rms output
values obtained at each measurement point, and the computed values of 0, U, TI, h,
h.ms, @nd the components of u,,s and h;., represent spatial averages of these quantities
over the length of the sensing wire, which is a fraction of the arm thickness. This
increases the usefulness of the results because the dynamic pressure head distributions
obtained (both mean and rms) provide information about average incremental drag forces
D = Cpq(DW), as opposed to differentia drag forces dD = Gyq(dA), that would be
generated on a body in the flow. This renders the computed distributions more
representative of the drag forces experienced by the arms, and the HGA's, had they been

in the flow.

The mean and rms flow speed profiles depicted in Figs. 7(b) and 7(c) are

representative of some of the axial profiles expected between the two disks. Profiles

" Axial dimensions are shown to scale.
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01(2), 0(2), U'1(2) and u',(2) are representative of the mean and rms circumferential
velocity axia profiles measured in the obstructed flow between two co-rotating disks by
Usy et al. [6] a of r/R = 0.71 and r/R = 0.78, 20° downstream of the obstruction.
Profiles 0,(2) and u',(2) are representative of the mean and rms flow speed profiles
presented in [6] at r/R = 0.71 and r/R = 0.78, 90° downstream of the obstruction. Profiles
Ux(2) and u'3(2) are representative of those measured for the unobstructed flow between
two co-rotating disks by Schuler et al. [3] at r/R = 0.714 and r/R = 0.781, and Tzeng and
Humphrey [4] a a r/R = 0.726, and are likely to be quite similar to the flow in the inner
region more than 90° downstream of the E-block arm tip. The latter remark is based on
the reportings in [4, 6, 7, 8, 9] that the fluid motion rapidly recovers the mean
characteristics of an unobstructed flow as the flow travels further downstream of the
obstruction. Profiles (3(2) and u'3(2) are expected to be representative of the flow passing
between the arm tip and the rotating hub, where the flow speed exceeds that of the disk
surface on account of the increased flow rate through that region as the flow approaching
the armis partialy blocked and redirected towards the hub. The profiles above exhibit
the common feature that they are nearly uniform around the mid-plane over the length of

thearm. Thisis afeature that will be used to justify speculations made below.

At this stage, we will surmise that the flow in the space between the two disks at
the measurement region is symmetric with respect to the mid-plane, and possesses mean
and rms flow speed profiles similar to those presented in Figs. 7(b) and 7(c). Taking this
assumption into consideration, along with the note above on the sensor length, it is

reasonable to extend the comparison of the dynamic head distributions in the

15



measurement region to formulate conclusions, merely comparative in nature, about drag
forces that would arise due to the complete dynamic pressure fields downstream of the

ams,

4.2. Flow Characteristics

Figures 8 through 12 present the mean flow speed, rms flow fluctuation,
turbulence intensity, mean dynamic head, and rms dynamic head fluctuation profiles,
respectively, aong the measurement lines a x = 2, 4, 6, 8, 10, and 12 mm for t10. It
should be noted that the mean flow speed profiles exhibit steep gradients, and that the
rms fluctuation and turbulence intensity profiles exhibit peaks that coincide with the steep
gradients in the mean speed. These features are characteristic of a classical shear layer
observed in free turbulent flows [17]. The profiles for t12, t14, and t16, shown in Figs. 13
through 23, exhibit similar features, aluding to the existence of a shear layer in the flow.

Further discussion of the flow characteristics and comparison of the flow around the four

arms are deferred until after the distributions of @, Uy T1, h, hope and the components

of uyms and hys are presented.

In spite of their relevance in detailing out the flow characteristic profiles, the
results as presented in Figs. 8 through 23 are difficult to assmilate, and do not readily
lend themselves to the task of comparing the flow fields downstream of the four arms. In
order to make the results easier to interpret and to provide a more coherent account of the

flow characteristic fields in the measurement region, we interpolated the data in the x and

16



y directions (indicated in Fig. 6) and generated distributions of the flow characteristics

over the entire region.

Figure 28 depicts two color contour plots of the disk surface speed, generated
using two color scales. The plot in Fig. 28(a) employs the first scale, which is an
automatic scale showing the full range of the disk circumferential velocity. The plot in
Fig. 28(b) employs a clipped color scale that is used in all subsequent mean flow speed
distribution plots to alow for comparison with the results for the different cases
considered. The upper limit in the latter scale is based on the maximum mean flow speed
measured with the E-block arms inserted between the disks. These figures are very
similar to the schematic of Fig. 6, with the arm and measurement region rotated dightly
to align the x-axis with the horizontal. An outline of the E-block arm tip is shown as solid
lines, and an outline of the HGA is shown as dashed lines. The HGA component outlines
are labeled in the figure. It should be emphasized that the flow measurements were
conducted with no HGA's attached to the E-block arm, and that the HGA outlines are
included in these figures, and in subsequent ones, merely for reference. Due to space
limitations, the arm tip outline will be omitted, and only the portion of the HGA outline

within the measurement region will beillustrated in the figures that follow.

The mean flow speed distributions for t10, t12, t14, and t16 are presented in Fig.
29. The distributions were generated using different scales, precluding quantitative
comparison across the plots, and have been included for a qualitative comparison of the

expected main flow direction, especialy in the area that would be occupied by the HGA.
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The plots for al arms demonstrate a high flow speed region aong the upper edge of the
HGA outline, with a steep gradient region immediately below it over which the mean
speed drops to noticeably lower levels. Although no direct evidence of the flow direction
has been obtained in this investigation, speculations about the flow direction are justified,
based on flow visualization results presented by Girard et al. [10] in a similar geometric
setup, and on the characteristics of the shear layer alluded to earlier. The approximate
main flow direction can be inferred from the plots by following the locus of the
maximum mean flow speed across the measurement lines, which is indicated by the dark
red area. This exercise suggests the flow crosses the HGA's at a greater angle as the arm
thickness decreases, which implies a greater projection of the area of the HGA onto the
flow direction. Such an observation can be explained by noting that as the arm thickness
increases, more of the flow upstream of the arm is blocked by the arm and redirected with
greater speed towards the hub. In fact, the plot for t16 suggests that most of the main flow
overshot the HGA. The relevance of this remark stems from the direct proportionality of
the mean and rms drag forces to the projected area of the body onto the flow direction,
expressed in Egs. (13) and (14). It should be noted that some areas of the contours appear
jagged due to the interpolation of sparse data, since the measurement grid was coarser in

the horizontal direction than the vertical direction, as shownin Fig. 6.

The mean flow speed fields in the measurement region for t10, t12, t14, and t16
were regenerated using the same scale for al arms, and are presented in Fig. 30. For all
arms there is a high mean flow speed zone aong the upper edge of the HGA outline, and

a low mean flow speed zone below that, with a steep speed gradient in between. This
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distribution is attributed to the presence of the arm, as it partially blocks the upstream
flow and redirects it towards the gap between the hub and the arm tip. A comparison of
Figs. 28(b) and 30 reveals that the flow speed is much lower than the disk surface speed
over most of the measurement region, and that, for t14 and t16, the local speed of air
exceeds that of the disk surface around the upper edge of the tip of the HGA outline, as
the air accelerates through the gap between the arm tip and the rotating hub. A
comparison of the plots of Fig. 30 indicates that increasing the arm thickness resulted in
elevating the mean flow speed in the entire measurement region. The HGA outline
exhibited higher flow speeds for t12 than it did for t10, primarily due to the increase in
the overall mean flow speed. The HGA outline exhibited dightly higher flow speeds for
t14 than it did for t12, especially near the top edge of the dider. For t16, athough the
measurement region experienced the higher flow speed level, most of the high-speed
flow overshot the HGA outline, and the outline seems to be subject to a similar level of
flow speed to that of t10, if not lower. The significance of this trend follows from the
following two points: the mean drag force on the HGA is proportiona to the square of the
approaching flow speed, as expressed in Eqg. (13); and the rms drag force fluctuation
acting on the HGA is directly proportional to the approaching flow speed, as shown in

Eq. (14).

The mean dynamic head color contour plots are shown in Fig. 31. These

distributions follow the same trend as that observed for the mean flow speed

distributions: aresult which is expected due to the approximation given in Eq. (10).

19



Figure 32 presents the rms flow fluctuation distributions for t10, t12, t14, and t16.
The plots immediately reflect the increase in the level of flow fluctuation as the arm
thickness was increased. The high-fluctuation region in these plots begins near the upper
edge of the HGA outline, and coincides with the steep gradient in the mean flow speed
distributions. As noted earlier, this feature is characteristic of a classical shear layer
observed in free turbulent flows, and supports the assertion earlier about the flow
direction, since in a classical shear layer the high-fluctuation region closely follows the
main flow on the higher-speed side of the layer. The high-fluctuation area of t16 does not
extend to the tip of the HGA as it does for the other three arms. A small additional area
with relatively high fluctuation appears near the upper edge of the tip of the HGA outline
(around x=12, y=3) in the t16 distribution. It should be noted that the high-fluctuation
regions appear to be scattered in these plots due to the interpolation of sparse data, since

the measurement grid is coarser in the horizontal direction than the vertical direction.

The turbulence intensity and the rms dynamic head fluctuation distributions of the
four arms are shown in Figs. 33 and 34, respectively. The plots of Fig. 34 clearly reved
an increase in the rms dynamic head fluctuation level, both in the measurement region
and within the HGA outline, as the arm thickness was increased from t10 to t12 to t14.
The overall dynamic head fluctuation in most of the measurement region for t16 appears
to be higher than that for t14, the exception being the area near the HGA tip. It is difficult
to assess whether the HGA outline contains a higher overall level of dynamic head

fluctuation in the t14 or the 116 cases. The high-fluctuation region in the t14 distribution
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extends to the tip of the HGA, whereas the region in the t16 distribution attains the

highest level of fluctuation, and spreads out more in the y direction.

In order to obtain more diagnostic information about the airflow excitation and its
relation to the head off-track vibration, the rms flow fluctuation and the rms dynamic
head fluctuation were decomposed into components over the frequency bands considered
by Gross et al. [14]. Namédly, the rms fluctuations were decomposed into components
over the 0-2 kHz and the 2-20 kHz frequency bands. The contributions of the 0-2 kHz
components were noticeably greater than those of the 2-20 kHz components. The 2-20
kHz components were further divided into subcomponents over the 2-6 kHz, the 6-10
kHz, and the 10-20 kHz frequency bands. The contributions of these components were
highest for the 2-6 kHz components, followed by the 6-10 kHz components, followed by

the 10-20 kHz components.

Figures 35 and 36 depict the distributions of the 0-2 kHz components of the rms
flow fluctuation and the rms dynamic head fluctuation, respectively. The figures reved
that as the arm thickness was increased both of these components increased in the
measurement region, and within the HGA outline as well, with the exception of the area
around the HGA tip outline in t16. As was the case with the rms fluctuation, the high-
fluctuation area of t16 of both components does not extend to the tip of the HGA as it
does for t10, t12, and t14. The high-fluctuation areas in the t16 distributions spread to
cover awider portion (in the y direction) of the HGA around the baseplate than they do in

the t14 distributions, and a small additional area with relatively high fluctuation appears
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near the upper edge of the tip of the HGA outline (around x=12, y=3) in the t16
distribution. Thus, it is difficult to judge whether the HGA outline contains a higher

overal level of fluctuation in the 0-2 kHz band for the t14 or the t16 cases.

The 2-20 kHz components of the rms flow fluctuation and the rms dynamic head
fluctuation are presented in Figs. 37 and 38, respectively. An examination of these plots
indicates that the levels of these components, especially within the HGA outline,
increased as the arm thickness was increased from 1.0 mmto 1.2 mm, then they decreased
as the thickness was increased to 1.4 mm, and then decreased further as the thickness was

increased to 1.6 mm.

Figures 39 and 40 portray the 2-6 kHz components of the rms flow fluctuation and
the rms dynamic head fluctuation, respectively. These components appear to follow the
same trend as that observed for the 2-20 kHz components. The 6-10 kHz components of
the rms flow fluctuation and the rms dynamic head fluctuation are presented in Figs. 41
and 42, respectively. The overal levels of the flow fluctuation components appear to be
highest for t12 and t14, followed by t10, and finally t16. The levels of this component of
the dynamic head fluctuation within the HGA outline seem to be highest for t12,
followed by 14 and t10, and finally t16. The 10-20 kHz components of the rms flow
fluctuation and the rms dynamic head fluctuation are presented in Figs. 43 and 44,
respectively. It is difficult to compare the overal levels of the flow fluctuation
components of Fig. 43. However, the levels of 10-20 kHz components of the rms

dynamic head fluctuation clearly follow the same trend as that observed in the 2-20 kHz
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frequency band: t12 appears to have the highest level of fluctuation, followed by t14 and

t10, and finally t16.

Figure 45 depicts the power spectra of the hot-wire anemometer output at the
measurement points aong the line at x = 2 mm for the four arms. The plots are three-
dimensional, with frequency on the horizontal axis, dB amplitude on the vertical axis, and
y-position (along the x = 2 mm line) on the third axis. Each curve within a plot represents
the power spectrum at a certain y-position along the measurement line, and the color
contour has also been included to illustrate the magnitude of the power spectra. The plots
for t10, t12, and t14 have been given the same view, with the origin on the right hand side
and frequency increasing from right to left, whereas the plot for t16 has the origin on the
left hand side, because these views best demonstrate the plot features described below.
All power spectra exhibit a peak at 167 Hz, which coincides with the disk rotation speed,
and is attributed to disk runout. The power spectra illustrate the dominance of the low
frequency components, the high frequency energy is more pronounced only in the range
of y = -6 to 0.5 mm. The plots aso reveal the presence of clearly identifiable vortex
shedding peaks in the power spectra. Two coherent vortex shedding peaks were observed
in the power spectra of each arm aong the x = 2 mmline. The frequencies of these peaks,
f,, are listed in Table 2. These are the frequencies in the separated region and the shear

layer, and were generated by the flow separation from the arm.

For bodies with simpler geometries, the frequencies of the vortex shedding peaks

can be correlated using the Strouhal number & defined by
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&:—' (18)

where f,, d, and U are the vortex shedding frequency (cycles/sec), the characteristic

length of the body, and the characteristic speed of the approaching flow, respectively.

The Reynolds number Re is defined by

Re= Ul—d (19)

where n is the kinematic viscosity of air. The values of Re for the four arms and the arm
tip were computed using U = 20 m/s, n =1.512x 10" n¥/s, and d = arm thickness, and are

listed in Table 2.

It is known from experimental results that the Strouha number remains
essentially constant at S @D.21 for the free flow over acircular cylinder with a Reynolds
number in the range 400 < Re < 10,000 [17]. Since the Reynolds numbers listed in Table
2 are within the range above, a Strouha number & = 0.21 may be used to estimate the
vortex shedding frequencies f.; for the free flow over a cylinder with U = 20 n¥sand a
characteristic diameter d set equal to 0.95 mm, 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm. The
computed values of f,; are listed in Table 2. Even though these estimates cannot be used
to predict the vortex shedding frequencies for the Eblock arms, a comparison of the f,
and fe; columns of Table 2 indicates that they provide a reasonable approximation of the

frequencies observed.
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Figures 46 and 47 present the power spectra of the hot-wire anemometer output at
measurement points along the lines a x = 4 mmand x = 6 mm, respectively. These
figures show that the peaks were still identifiable on the 4 mm line, but their amplitudes
had diminished considerably. Along the 6 mm line, the their amplitudes had diminished

to the point where they could barely be identified from the spectra.

4.3. The Relationship Between Flow Fluctuation and Head Off-track Vibration

Plots of the total and component amplitudes o the rms head off-track vibration at
the ID position measured by Gross et al. [14] are repeated, for convenience, in Figs. 48
through 53. Figure 48 shows that the rms head off-track vibration amplitudes increase as
the arm thickness is increased, with only a dight difference between t12 and t14. This
trend agrees with the trend followed by the rms flow fluctuation levels and the rms
dynamic head fluctuation levels in the measurement region, depicted in Figs. 32 and 34,

especially within the HGA outline.

Figure 49 demonstrates that the 0-2 kHz rms vibration component amplitudes
increased as the arm thickness was increased. This trend correlates with the trends
followed by the 0-2 kHz components of the rms flow fluctuation and the rms dynamic

head fluctuation within the HGA outline, illustrated in Figs. 35 and 36.

Figures 50, 37, and 38 clearly indicate a good correlation between the trends

followed by the 2-20 kHz rms components of the off-track vibration, the flow fluctuation,

and the dynamic pressure fluctuation. The trend and the correlation observed in this
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component carries over to the 610 kHz and the 10-20 kHz rms components of the off-

track vibration, the flow fluctuation, and the dynamic pressure fluctuation.

4. Conclusion

The effects of E-block arm thickness on the flow in the region downstream of the
arm tip at the ID position were investigated experimentally in a modeled HDD. The mean
flow speed and the flow fluctuation power spectra were measured using a single-sensor
hot-wire anemometer & the mid-plane between two disks, in the presence of an arm with
no HGA's attached between the disks. The measurements were carried out for four arms,
of thicknesses 1.0, 1.2, 1.4, and 1.6 mm, and were used to compute the mean and rms
flow speed, the turbulence intensity, the mean and rms dynamic head, and the rms
components of the flow fluctuation and the dynamic pressure fluctuation over the same
frequency bands considered by Gross et al. [14] in their rms off-track vibration

breakdown.

The rms dynamic head fluctuation breakdown revealed a good correlation
between the rms dynamic pressure fluctuation components and the corresponding rms
off-track vibration components over the same frequency bands. Specificaly, a good
correlation was observed between these components over the 320 kHz, 02 kHz, 220

kHz, 6-10 kHz, and 10-20 kHz frequency bands. The flow fluctuation power spectra
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unveiled the presence of clearly identifiable vortex shedding peaks for al four arms. The

vortex shedding frequencies corresponding to these peaks were identified.
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Arm Thickness [mm] Blockage Factor
alD

t10 1.0 27%

t12 1.2 31%

t14 14 36%

t16 1.6 40%

Table 1: Blockage factors for the E-block arms at the ID.

Arm Re f, [kHZ] foyir [KHZ]
armtip 1260 - 4.4
t10 1320 38,45 4.2
t12 1590 26,35 35
t14 1850 3.0,38 3.0
t16 2120 28,38 2.6

Table 2: Reynolds numbers and vortex shedding frequencies.
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Figure 2: A close-up of the HSA.

Figure 3: A close-up of the HGA.
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Figure 37: Distributions of 2-20 kHz component of RM S flow fluctuation.
55



t12

t10

t16

t14

12 m?/s?

10
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Figure 40: Distributions of 2-6 kHz component of RM S dynamic head fluctuation.
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Figure 41: Distributions of 6-10 kHz component of RM S flow fluctuation.
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Figure 42: Distributions of 6-10 kHz component of RM S dynamic head fluctuation.
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Figure 48: Total RMS off-track vibration, 0-20 kHz.
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Figure 49: 0-2 kHz component of RM S off-track vibration.
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Figure 50: 2-20 kHz component of RM S off-track vibration.
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Figure 51: 2-6 kHz component of RM S off-track vibration.
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Figure 52: 6-10 kHz component of RMS off-track vibration.

30

(]
in

r
=
I

RMS Off-Track Vibration, 10-20 kHz [nm]
= in

1o 112 t14 16
Figure 53: 10-20 kHz component of RM S off-track vibration.
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